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AISTRACT

Attenuation of shock waves was studied in annealed 1060 aluminum,
2024-T351 aluminum, and Teflon by impacting samples with explosively
diiven aliminum plates. Free-surfacc velocities were measured 1s a
function of target thickness by recording the time of flight across a known
distance of a thin shim which was originally in intimate contact with the
surface of the sample. A streak camera was used as the recording
instrument. Experimental results are believed to be more accurate than
any cbtained previously. Samples of 2024-T351 aluminum were shocked
to approximately 110 kbars and 340 kbars by fly. r plates having velocities
of about 0. 125 cm/ysec and 0.33 cm/gsec, respectively. 1060 aluminum
was shocked to 110 kbars and significant differences in its behavior were

observed in comparison to the 2024-T351 aluminum.

, Two models are discussed for representing elastoplastic stress-
strain relations. One of these models permits the yield stress to be an
arbitrary function of the hydrostatic pressure. The other permits both
the shear modulus and the yield stress to vary arbitrarily with the strain.
Results of calculatione using an artificial viscosity code are given for
" the two models. -The experimental data do not show a lbteprwiue decrease
of the free-surface velocity as predicted by the simple elastic-plastic
models with a von Mises or Coulomb yield criterion.b This .qullita'tive
difference is attributed to Bauschinger effect. |

Results for Teflon indicate that ‘he fluid model may be satisfactory
although the data are meager and contain some inconsistencies.
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SECTION 1

INTRODUCTION

An accurate description of shock propagation in a solid requires
knowledge of the complete constitutive relation among the stress and
strain tensors and the internal energy. Although a large amount of data
is available on the Hugoniot equations of state of metals and other
solids, in general the data indicate only the density dependence of one
stress component in compression. No information has been directly
obtained concerning stress u fference. or the path of the stress-strain
curve upon release of pressure. Most available eqguation of state data
are therefore sufficient only for descriptions of shock propagation in

which the "fluid approximation' is adequate.

It is generally assumed that at high pressures material rigidity is
unimportant sc that a flui2.type equation of state sufiices. Such a sirn-
pliﬁ_cntibn seems reasonable; however, little experimental information
exists to indicate pressure levels above which this model is accurate.
A priori estimates of the adequacy of the fluid mcdel based on rero-
pressure values of material strength are not conclusive because of

possible increases in strength with confining pressure.

It has been demonstrated for some metals at lower pressures that
rate-independent elastoplastic theory gives a reasonably accurate

'2 The stress-

description of the stress-strain path for compression. !
strain path io‘}lwcd on releane of pressure from a shocked state is lese
well enabluhod and seems to be complicated by the Bauschinger effect. ' *
Uafortuna :¢ly, the decay of shock waves, at least at lower pressures,

may be sensitive tv the exact shape of the stress-strain curve for pres-
sure relsase, and'direci metheds for measuring this curve are experi-
mentally difficult.




.

The work reportzd here 18 &» extension of earlier work in which
the decay oi shock waves in several soiids was observed and vompared
with predictions based on various «ssumpi.ons cocncerning the pressure

’

release curves. © ' This earlier work showed that rigidity is signifi.
cant in all the materials «:1died at pressures up to at ‘least 1(50 kbar.
Agreement between experiment and thevry w8 «btained in most cases
by assuming an elastoplastic mc .2l and a particular functional depend-

ence of the yield stress and the shear modulus on the pressure; this

representation is not necessarily unique.

Studies on aluminum during the reporting period were aimed toward
obtaining niore explicit information on the variation of the shear modu-
lus and the yield stress at high pressures, and toward obtaining accurate
knowledge of the shape of the pressure-release curve in the imrnediate
vicinity of the shocked state. In this region the elastic and plastic re-
lief waves are mos: distinctly separated and cne can hope to determine

the shear modulus and yield stress irdependentiy.

The experiments on aluminum were conducted on material in

two differenc ivitial conditions. The major portion of the work was per-
frrmed with £024-T351 in the as-received condition. Some work was

also perfoermed on type 1060 to determine whether the high pressure be- | u
havivr depends cignificantly 2on the initial condition. This latter mate-
rial is also of interest because it is the subject of concurrent equation
of state and strain-rate studies, and beci'ise of Allison's observation w
that the fluid model iy satisfactory at higher pressures in soft

aiuminum. ®

The results of the experiments and comparisons with the associ-

ated theoret cal ralculations on aluminum are prescented in Section IV,

T4e model non which the calculations are based is described in Section 11.




A few expariments were conducted on Teflon to compare its be-
navior with predictions based on a fluid model. Those results are

described in Section IV.5.

Several aew techniques were employed in these experiments.
Descriptions of the experimental methods are given in Sectioa III. A
method for propelling reasonably stress'\free, intact aluminum fiyer
clates at a velocity of 0.33 cm/pMsec was ég\veloped and used to broduce
coutrolled shock pulses of 345 kbar in alum\h\um. The initial free-
surface jump-off velocities were measured w}th good precision by means
of 2 technique that utilizes thin foils initiaily in contact with the surface.
Some experimentation was performed with an imm\ersed foil fluid gage
which gave some additional information abont the shack pulse in an
adjacent solid. v Appendix 1 shows the analysis procedure for fluid-cell
experiments. In the course of analyzing these experiments, some data
were obtained on the index of refraction of water at high pressure. These

data are presented and discessed with relatiun to the Lorenz-Lorentz

theoretical model in 4Appendix iI.
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SECTION ii

CALCULATION OF SHOCK WAVE ATTENUATION

The attenuation experiments can be simuiated by the use of a
computer cede. Two metheds were used to solve the flow equations.
One, using the method of characteristics, was rastricted to cases in

which rigidity was neglected. The equation of state used in this code is

Y
P=A{p -1 (1)
\ %

where P is the pressure, g is the density, and Py is the density at

zero pressure. VYalues of the conttants A and ¥ for aluminum are
0.196 Mbar and 4. I, respectively, and the initial density is 2.785 g/cc.
Results of the characteristics code and Eq. (1) are labeled ''fluid" in

the figures, to emphasize that rigidity- was neglected in the calculations.

The other method for solving the flow equations made use of the
method developed by von Neumann and Richtmyer which uses an arti-
ficial viscosity to smooth discontinuities in the flow.® This method is
more easilv applied to problems in which the flow must be calcuiated
across interfaces between different materials than is the method of
characterigtice., It is also more easily appiied to problems invclving
more complicated equations of state, such as an elastoplastic relation.
Situations where rigidity is neglected are handled by the use of

the equation

P = Ap+ By® + cp® (2)

where = p/p - 1. Insuch acase, the Hugoniot and the expansion

adiabats are assumed to coincide and are all described by Eq. (2).




1. The Constant Poisson's Ratio Model T

The elastoplastic relation is diagrammed in Fig. 1. The hydro- ]
static curve is represented by Eq. {2), and the upper and lower curves
are given by

2

o =P:k3Y (3)

X

where O is the stress in the direction of propagation of the shock and

Y is the yield stress in simple tension, i.e., twice the maximum re-
solved shear stress. The upper, or loading, curve is made to coincide
with the Hugoniot curve just ae Eq. (1) was forced to do. Calculated
results agreed more clogely with experimental results when Y was made

to vary with the hydrostatic pressure as

0N.370-90

FIG. | SCHEMATIC DIAGRAM OF ELASTOPLASTIC STRESS-
STRAIN RELATIONS




Y = Y + M(P-P,) (4)

where Y is the initial yield stress, P, is as defined in Fig. 1, and M

a
is a constant. Values of the various parameters for the clastoplastic

equation of state are given in Table I for aluminum.

In the derivation of the elastoplastic relations, stress 0, is re-

lated to density, p, by
do = (K+30) e (5)
3 P

for an elastic event. In Eq. (5), K is the bulk modulus, G is the
rigidity modulus, p is the density, and the subscript x has been dropped.
In the constant Poisson's ratio model, K is replaced by - VdP/dV, wherce
V is the specific volume, P is the hydrostatic pressure, and G is re-

placed by

(1-2v) _  3v(l-2y) dP
2(1+y) ~ = 2(l+y) av

G = 3K (6)

where ¥ is Poisson's ratio. (Thié model was used in most of the cal-

~ culaiions made earlier in this and preceding projects.} Combining
“Bqs. (5) and (6) gives

-
o_da_ . 2 _ MI-v) 4P .
ap o~ & (7

where c is the sound speec and dP/dp is the siope of the hydrostat.
Using Eq. (3) then gives |

c:Véﬂ:&L_ﬁl,i—i&' | N (8)
(l4v} (de 3 dp | -

so that the elastic sound speed depends on beth ¥ and V. This is the

speed of sound in the shocked material and is arsociated with the head
of the rarefaction wave BM ého’vm. in Fig 2. The actual velocity of |
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this wave is utc, where u is the particle velocity in the shocked
rogibn. For flyer plate experimaents, the particle velocity is deter-
mined either by measuring the free-surface velocity of a thin target, or
by measuring the flyer plate velocity. The latter is more desirable in
principle because u is exactly one-half the flyer plate velocity, while

it is only approximately half the free-surface velocity. u Experiment-
ally it is easier to measure the free-surface velocity. It can be shown
that the sound speed is determined if the physical coordinate of the

11
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point M (Fig. 2) ie known, 12

¢ = (U-u)(;‘*_j—) (9)

where d is the thickness of the flyer plate, x is the physical coordinate

of the point M, and U is the velocity of the shock front. Because the
particle velocity, u, is known, the shock velocity, U, is determined
from the Hugoniot relations. Equations (8) and (9) are important links

between experimental observations and the theory.

The quantity d0/dp in Eq. (8] is the slope of the Hugoniot curve
from which the sound speed was qbtained when calculations were done
with the method of characteristics. Thatis, it was assumed that the
expansion adiabats coincided with the Hugoniot curve for those
calculations. This assumption is also made in most impedance mis-
match calculations, which are frequently used in obtaining data for the
Hugoniot. It is of interest to compare the elastic wave sound celocity,
Co+ a8 given by Eq. (8) and the sound velocity from the Hugoniot. cpy.

The ratio is

Se .\ [3uw [, 2 _91] o)
Yy (1+y) 3 do

where dY/do should be evaluated at a point such as e on the upper
curve in Fig. 1. This means that Ce is the speed _0{ sound at the head
of the elastic wave, say the line BM in Fig. 2. The derivative can be
evaluated by using Eqs. (3) and (4); the result is M/(142M/3). For
the values of M given in Table I, the derivative is small compared to

1.0. Equation (10) then gives a ratio of about 1.22 when ¥ = 1/3, and

the ratio is independent of the shock strength.

Integration of Eq. (S) with the assumptions given above gives




Table 1

VALUES OF PARAMETERS FOR CONSTANT v
STRESS -STRAIN REIATIONS FPOR ALUMINUM

Variuble Constant Fluid
Parameters | Yield Model | Yield Nodel Model
Y (Mbars) 0.0035 0.0028 0.0
" 0.085 0.0 0.0
» (g/cc) 2.788 - 3.788 2.785
A (ars) 0.785 0.743 o.768
B (Mbars) 1.29 1.74 | 1.86
C (Mbars) 1,197 0.339 | 0.438 |

10




(1-v} .
M(1-ZV)(Ye+Yf) (i1y

where the subscripts refer to the points ¢ and { in Fig. 1l and Y is the

o, -0 =
yield stress. For ¥ = {/3, and if Y does not depend strongly on the
strain, the usual result

Op - O, = 4Y (12)
is obtained.

The model described above has been used to calculate the stresses
jinduced wnen an aluminum Dlate hits an aluminum target. When the
velocity of the projectile is 0. 125 cm/usec, the induced stress is about
110 kbar and the calculations compare favorably with experimental
results. Hence there is some validity to the inodel. There are, how .
ever, some objections to n One is the fact that the yield, Y, continu-
ally increases with the hydrostatic pressure. With a constant value of
V, the elastic wave amplitude then continues to increase, so that fluid
behavior is never approached. Another objection is the fact that G, the
shear modulus, also continues to increase ag - VdPIdV or de/dp. s0
that therc is no approach to fluid behavior.

Some results typxcal of those obtained with the constant ¥ mode!

_A aad the Q-code are gwea in Fig. 3. These resulis are for the case of
an alummum projecme 0. 125-inch thick hitting a semi- infinite target.

t The presoum versus di:um;e promn are given at intervals of 1/2 ysec
lfollowmg projeculc xmp&ct The parameters given in column ! of
Table 1 were used in the ehstoph.nc stress-sirain relations. In

Fig. 3. the elastic relief wave reduces the amphtude of the pressure
wave by about 30 kbar. Similar profiles of the particle ﬁ!&i{y may

be obtained Irom‘th"e calculations. Figure 4 shmu anly the enwlope
of such particle velomty prnﬁlcs. along mti- the rewhs of xhe charac-
teristic code used with Eq. (1}). Comparison of ﬂie two seu oi resum
shows the early attenuation which resulta when me euuophsuc stfeu -
strain relations are vsed. Experimeatal results { rem mo prex :mul)

reported experiments are includcd ‘n the hgnre

kb
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2. Variable Shear Modulus Model

1t is not necessary to keep the value of Puisson's ratio constant.
If ¥ is permitted to increase with stress, G, the shear modulus changes
with stress in a different way from that used in the earlier caiculations
{see Eq [6]). Better understanding of the relations may result if ¥ is
eliminated and G is retained. Hence from Eq. (5) the elastic sound
speed is

2 a0 4 _
c‘ = -j‘-'f- z V(&*-,'G) = FV {13)

where F is called the lﬂagxmduul elastic modulus. Experiments with
flyer plates give values of both ¢ and V, s0 that F may be calculated.
£ eipcrimdmi results are available st two or more stress levels, the
behavior of F with stress, or w.th strain, may be asceriained. It can

then be assumed that K = -VdPi/dV as before, so that
3 .3 s, 9P
G .= a {(F-K) = A (pc 0\'--—-“) {14)

The quantity dP/dV is not known, but because the stress, @ . is known

13




in each set of experiments, it can pe approximated by dO'H/dV where

Oy is on the upper, or Hugoniot, curve of Fig. 1. In this way the varn-

ables G. F, and K may be evaluated from knowledge of experimentally

related values of p and c.

Comparison of the elastic and hydrodynamic sound speeds 1s done
2
as before by replacing the hydrostatic pressure with T -3-Y so that
Eq. (13) becomes

2 H 2 d4Y 4 G
T e o S— —-—“‘ o a——
c P 3 3 3 o (15)

Hence the ratio of sound speeds is

fe. [, {25 2.e\[¥u (16)
‘y 3 p 3 dpjf dp

where the term involving G dominates the term containing Y for low
values of the stress. The results given in Section IV indicate that the
ratio is about 1.22 jor a 110-kbar shock and about 1. 16 for a 340-kbar

shock. This variable ratio is a desirable feature of the new model. The

vield and the shear modulus could be madc to vary in such a manner
that the ratio becomes 1.0 at some stress. For the present, tempera-
ture is not included explicitly. Eifects of temperature are implicit in

« the functional relationships of Y and G to the density.

¢
~ Eqution’ {11) now becomes

T a_-%, = (vgvg) (K56 26 | {17)

or by the use of Eq. (13).

Yo+ ¥z x.s(x--g-;) (e, -9 (18)

pc

where K can be approximated as explained above. It was expected that

14




the experiments which give p and c for an elastic wave would also
give, at least approximately, values of (Oe-cf), so that the value of
(Ye+Yf) could be calculated. Once these values are known as, say.
functions of the volume, Eq. (3) can be used to construct a tentative
hydrostat, and the proce.ss of calculating G and (Ye+Yf) can be
repeated. Resuits of such a process are given in Section IV. In anuci-
pation of the discussion of the results it can be stated that the shear
modulus does not appear to increase indefinitely, a desirable charac-
teristic of the model. Because the experiments fail to show a definite
separation of the elastic and plastic relief waves, the drop in stress
caused by the elastic relief wave is poorly determined. This means
that the variation of the yield stress with stress or strain is also poorly

determined.

Results obtained with the Q-code when the variable shear modu-
lus mode) was used are given in Section IV. Comparison with experi-
mental results shows that this model is also inccpable of describing
the release »f stress properly. The variation of both the shear modulus

and the yield stress is also discussed further in Section IV.

3. Equation of State of Explosive Product Gases

The Q-code permits the calcuiation of the flow in a detouating
explosive by use of the burn fraction described by Wilkins. '* For the
calculaiions used here in tne development of the high velocity flver
plate, a polytropic equation of state was used 10r the detonation product

gases:

P = (y-1)E/V ~(19)

where E is the internal energy and V 1s the specific voluine. Values
of the parameters for both Composition B and for Du Pont sheet explos-

ive EL-506D are given in Table II.

15
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SECTION Il

EXPERIMENTAL METHODS 1

Several new techniques were developed and used in accomplishing
the goals of the program. These include a method for accelerating
aluminum plates to a velocity of 0.33 mm/gsec with an explosive arrange-
ment that permits the plate to be reasonably stress-free at the time of
impact on the targetv. In addition, a recording system was developed
that permits more accurate measurement of the initial jump-off velocity
of a free surface than could be achieved previously. Finally, attempts
were made to adapt a fluid-cell gage developed on another project? to
the measurement of particle-velocity profiles in aluminum; this effort
was not successful, Detailed descriptions of each of these methods

are presented below. .

1. High Velccity Flyer Plates

Most of the previous Stanford Research Institute work on attenu-
ation of shock waves has used aluminum plates whose veliocities were
about 0. 12 to 0. 13 cm/usec. Impact by these plates produces stresses
of about 110 kbars in aluminum targets. Some plates were also thrown at

8 Jater it was found that these plates were spalling.®

0.19 cm/usec;
Orie of the tasks in the current effort was to find a means of projecting
aluminum plates at higher velocity in a reliable manner. Such plates
would permit experimentation at higher stress levels so that, for ex-

ample, the behavior of the elastic moduli with pressure could be deduced.

The 0.19 cm/usec plates spalled partly because of the impedance
mismaich between the aluminum and the brass plate. This mismatch
had the useful effect that the aluminum separated from the brass to
produce a free flying plate. Balchan and Cowan'* had thrown plates

from a high impedance driver plate by putting a thin layer of a low
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immpedance material, such as magnesium, between the two plates. This
method was tried using a 2-inch-thick charge of Comp B to drive a
sandwich of 0.5-inch-thick brass, 0.125-inch-thick magnesium (cr
Plexiglas), and the 0. 125-inch~thick aluminum plate. The plates were
tested for spalling by causing them to impact Manganin wire gages. The
records showed the flat-topped wave profile characteristic of plate
impact. However, the pulse was not long enough in time, and a second
pulse closely followed the firat. This was interpreted to mean that the
plates had spalled. When the magnesium or Plexiglas layers were re-

duced to about 1/16-inch thick, spalling was again observed.

It was proposed that the lcw impedance layer between the driver
and the flyer plates be replaced by explosive. This situation was inves-
tigated by the use of a computer code using the artificial viscosity
method. It was soon apparent that the brass plate would have to be re-
Placed with a softer material. When aluminum was used as the driver
plate, it moved into the thin layer of explosive at a velocity close to the
Chapman-Jouguet (C-J) particle velocity. The Q-code indicated that the
aluminum projectile plate might spall, apparently due to the release of
pressure {rom the back of the explosive charge--the Taylor wave. The
character of the relief from the back of the charge was changed rather
drastically by spacing the 2-inch-thick charge of Comp B 1.0 ¢m from
the 0. 5-inch-thick aluminum driver plate (see Fig. 5). The code indi-
cated that this arrangement produced a flyer plate that remained intact,
and that it had a velocity ¢f 0. 36 cm/usec. The assembly was checked
by doing an experiment using Du Pont Detasheet EL-506D, 0. 125-inch
thick. The Manganin wire gage records showed that the plates were

not spalling and that the velocity of the plates was 0.32 cm/gsec.

In the attenuation studias the plates were allowed to move about

1.0 inch before impacting the targets. This permitted waves in the
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plate to reverberate about eight times, so that approximately stress-

free conditions were reached. The explosive gases continued 0 exert

some pressure on the back of the flyer plates. The acceleration due

to this residual pressure has not been measured. It might have beén

desirable to let the plates move farther 10 that waves could attenuate
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farther and so that the gas pressure would decrease farther. However,
the plates were not flat and might have been changing shapz. The

1.0.inch travel was therefore a compromise.

Figure 6 shows some of the results of the caiculations for the

flyer plate takeoff described above. In the figure, the positions of the
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surfaces of the two aluminum plates are given as functions of time.
The flyer plate velocity changes véry little after the first microsecond.
The shapes of two plates are shown in Fig. 7. The plates were origin-
ally 6 inches in diameter; their shape is inferred from a streak camera
record of the impact of the plates with flat 'glau targets. For one test,
the center of the plate arrived at the glass witness plate 0. 04 ysec

ahead of that part of the plate on a 4-inch diameter. For another test,
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the difference in arrival ttme was 0.06 usec. These differences in
time correspond to a deformation of about 0. 005 to 0.008 inch, respec-

-tively, across a 4-inch plate.

2. Shim Technique for Free-Surface Velocity Measuraments

The free-surfacy velocity of a shock-loaded sample can be deter-

mined by several different methods. 1s

One of the simplest is to record
the time of flight of the free surface across a ga»p. This method has the
disadvantage that it gives an average velocity in those cases in which
the shock is not a uniform shock, i.e., the pressure profile is not
ﬂat-tépped. What is wanted from the measurement is the velocity of

the surface at the instant of reflection of the shock wave. The
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measurement can be made more accurately if a thin shim is held in
contact with the specimen. Becauge the shim is made of the same
material as the specimen, it acquires the same velocity as its free
surface. If there is any attenuation of the shock, the surface of the
specimen is decelerated while the shim continues at uniform velocity.
Four samples of different thicknesses were used in each shot, as shown
in the plan view of Fig. 8. The figure shows the area of each sample
that was viewed by the camera through the slit and the reflections of
lines in the mask that covers the light source. A cross section of the

arrangement of the charge and samples is shown in Fig. 5.

For aluminum and copper, the reflectivity cf the shim changes
sufficiently when it is accelerated by the shock so that the take -off can
be observed on the smear camera record (see lines A-A in Fig. 9).

The gap is defined by a mirror (which may be partially coated with gold)
set at ab known distance from the original position of the shim. When
the shim collides with the mirror, another change of reflectivity occurs,
80 the arrival can be observed in the record (lines B-B in Fig. 9). The
elastic precursor wave in as-received 2024-T351 aluminum does not
change the reflectivity of the shim sufficiently for the precursor to be
observed. The gap closure caused by the unobserved elastic wave
causes negligible error in the measurements. When annealed 2024-T351
aluminum specimens whose thickness was 0. 125 inch were hit by a flyer
plate of the same material (unannealed), the velocity as recorded by

the shims was essentially the same as the velocity of the projectile
plate. In this case the gap was about 0. 19 cm, so the shim was in
motion for about 1.5 ysec. During this time, relief waves {rom the
back of the projectile plate overtook the front surface of the specimen
and siowed it. The record (Fig. 9) shows the arrival of tha shims at the
mirrors, lines B-B, and a fraction of a microsecond later the arrival

of the surface of the target, lines C-C. This illustrates the utility of
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the use of shims ior the measurement of the free-surface velocity of
aluminum specimens. The delay between the arrival of the shim and
the target surface at the mirror depends on the thickness of the target.

i.e., oan the amount the shock wave has attenuated.

In the pasi, targets in the shape of wedges were used so that the
free-su-face velocity could be obtained in one experiment for a range
of distances of shock travel. The ortical lever arm technique was used
to record the rnotion of the {ree surface. One criticism of the technique
is that the shock is obliquely incident on the {ree surface so that the re-
flection of the $Xock results in shear waves. The analysis is also some-
what complicated, regquiring the differentiation of numerical data. If
truly flat flyer plates could be produced, differentiation of the daia would
be greatly simplified and analysis of the streak ramera records weculd
be atraightforward. Ouwne cf che rexsoms for the use of the s:iim technique
in this program w2s *o chelk results obtained previously with the optical

lever armi techaiqur..

3. Fluid Gage
a. Jechnique
Shock attenuation swudies are conrterned with the pressure

or particle velocity profile of the shock wawe ay it changes with time in
various materials. Previously the prciile has been inferred with the
use of hoth electrical gagey and measursments ol {x?ee-nnrf;fe velocity .
Use of the gages is desirable ia genere] because. unlike {ree-surface
neasur:iments, they give isformation about the rmaterial while the
pressure ir the material iz substantiaily above atmoiphenc. The de-
velopment of the irunersed Mylar foii gage provides in principle a
means of measuring the shock profile in the liquid of the gage and also
to some extenl thw profile in the driving subsiance.
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The gage is constructed by cementing an aluminized Mylar foil
{0. G:D025- to 0. C005-inch thick) between rings of lucite (see Fig. 10).
This cell is mounted on the material through which the shock will prop-
agate and is oriented so that the reflecting foil is inclined to the speci-
men surface and hence the shock front at an angle @. The cell is covered
with a thin glass cover and the fluid is added so that the foil is com-

pletely immersed.

. 518 Yo  MLUMUR PLYBI PLATE- t\ﬁnum CHAMBER'
Y% LEADED SMSS QUITER ’ '
1

I° BARATOL MIGH ENPLOSIVE

4

1 ' P-Q0 PLANE WINE SENERATOR

FIG. It WATER GAGE EXPERMENTAL ARRANGEMENT

The fluid motion behind the shork {ront imparts a velocity to the
foil parallel to the shock front velocity. As a resuit, the foil s bent
thimg“h an angle B toward the shock front. The relationship ¢f this
turning angle teo the fluid velocity is discussed in Appendix 1.
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In practice, the optic axis is aligned perpendicular to the unturned
foi" Small light sources are provided by placing a grid of aiternately
opague and transparent lines over an extended light source. The camera

photographs the images ol these grid lines in the highly reflecting foil.

Figure 11 is an example of the strcak camera record obtained us-
ing this technique. As the shock moves into the reflecting foil, the foil
bends and the grid sources are then imaged in both the stationary and
the moving foil. This rcsults in a jurmnp of the trace on the film. The
magnitude of the jump and its relationship to the particle velocity in
the fluid are derived in Appendix I. The position of the displaced trace
is not only affected by the angle £ through which the foil has turned but
alsc by the refractive index of the shocked flud. This is because the
light rays are refracted as they pass twice through the shock front. Also
of iméortance is the velocity of the point of intersection between ihe foil
and the shock front. Its velocity depends on the shock velocity and the
foil angle and is indicated by the slanted line, AB, across the film

record.

The immersed foil gage can be utilized for several measurements,
among which are: peak shock pressure in the liquid; peak shock pres-
sure in the driver; determinartion of the refractive index of the shocked
liquid; and observation of overtaking shocks and relief waves. It may
also be possible to interpret the motion of the grid lines after jump in

order to obtain inforraation about the shock profile as a function of time.

The peak shock pressure in the lignid can be determined provided
the refractive index is known. Since the foil is inclined, the pressure
can be measured as a function of depth in the liquid. The reduction of

the pertinent data is degcribed in Appendix I.
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The peak shock pressure in the driver can be inferred with the

use of the ceil if the wave is not attenuating. The peak pressure in the

fluid is calculated using measurements obtained in the fluid, and the
corresponding peak shock pressure in the driver is determined by im-
pedance matching. However, if the shock wave is not flat-topped, the
pressure m=zasured at the foil will in general not be representative of
the peak pressure in the driver, since the peak pressure changes as the

front propagates through the liquid.

Analysis of the inclined foil record gives the pressure at the
severzl locations of the jumped grid lines. Since the foil is inclined
with respect to the direction of shock propagation, the peakﬁ shock pres-
sure as a function of depth i3 obtained. With the use of large foils or
double f»ils (i.e., two foils per cell) the peak pressure can be measured
over considerable depth in the liquid. This information is relevant to

the attenuation characteristics of the fluid.

In Fig. 11 it can be noted that the grid traces are visible after
they have jumped. Since the foil moves with the fluid velocity, the mo-
tion of the displaced grid lines should indicate the motion of the fluid
after the shock front has passed over the foil. In principle, the gage is
then capable of providiag information not only about the peak shock pres-
sure but also about a portion of the relief. This type of information--
1.28., ‘pulse shape in the liquid as a function of timec and depth--can then
serve as a check of computer calculations of the shock flow in the fluid

and in the metal cell bottom.

The refractive index is known to depend on the density and, less
importantly, on the temperature of a liquid. The gage can be employed
to determine the refractive index of shocked liquids. In fact, a knowl-
edge of the refractive. index is necessary before any of the shock flow

parameters can be obtained with this device.
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The liquid cell can also be designed so that disturbances overtak-
ing the shock frorn the rear can be observed with the inclined foil
arrangement. The propagation of shocks or relief waves is indicated
by additional motions of the displaced traces. In the case of overtaking
shocks, the grid lines jump a second time as the shock passes over the
foil, and the motion of the second shock front is indicated by another

slant line on the film.

Figure 1l is a record obtained when a rarefaction moves over the
foil after the initial shock front passage. The grid lines are displaced
back towards their o';iginal ;:osition, along the line CD, indicating a de-
crease in particle velocity. Reduction of such foil data yields the relief

wave velocity and the change in the particle velocity.

Consider, for example, the measurement of the relief wave veloc-
ity in the driver using this technique. Let the shock in the driver be
produced with a flying plate of the same material. The shock propagates
into the driver and then into the liquid cell where foil motion is observed.
The backward-facing shock produced at impact is reflected at the rear
of the flyer plate and becomes a forward-facing rarefaction fan. Figure
12 is a time-distance diagram illustrating the wave trajectories. The
thickness of the cell bottom or driver, the foil angle, and depth are
chosen so that the head of the rarefaction wave will overtake the forward-
facing shock front when it is still interacting with the foil, Measuring
the depth at which the relief wave overtakes the shock locates the point
P in Fig. 12. The foil analysis gives the particle velocity, sound speed,
and shock velocity in the fluid so that segments OP, OS, and SP can be
drawn. The points A and B can be located with a knowledge of the shock
velocity in the driver. The minimum relief wave velocity is now just
the slope of a straight line segment from B to O. The absolute magni-
tude can be computed only if the sound velocity in the driver is known in

the triangular region COS. By using thicker cell bottoms, the error in
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IN SHOT 11,762 :
the initial elastic sound speed due to the uncertainty in {he sound veloc-
ity along segment CO can be reduced. However, since the elastic relief
wave must be observed in the fluid cell before overtaking the shock front,

a maximum driver thickness exists.

Several problems have been 3ncountered in the application of
the immersed foil gage, First, the use of an evacuaied region between
the flyer and driver results in bowing of the driver somewhat, depend-
ing on its construction. The result is that, upon flying plate impact, a
nonplanar shock is produced in the driver. Since the analysis is one-

dimensional,such a three-dimensional siockwave is undesirable.
3l




Another problem exists when studying attenuation shocks with a

gage made of a material of lower shock impedance than the specimen to
which the gage is attached. The interaction of the rarefaction fan that
that is reflected back into the specimen at the specimen-liquid interface
(CS in Fig. 12) and the forward facing rarefactions in the attenuating
input wave may cause the specimen to spall. Therefore, the useful
observation time of the initial wave in the fluid cell is limited by the

arrival of the spall signal.
b. Results

Water was used in the immersed foil gage experiments per-
formed on this project because of the amount of equation of state
data available. The gages were mounted as shown in Fig. 10 for the
flying plate experiments. The cell bottom was either annealed or
hardened 2024 aluminurn. The flying plate assemblies were similar to

the ones used for the low velocity attenuation experiments.

Two experiments were conducted where the annealed aluminum
cell bottoms were 0.080-inch thick and the aluminum flying plates were
also 0. 080-inch thick. The plates reached a velocity of 0. 133 cm/usec.
Figure 11 is an example of the photographic record obtained. The shock
wave that intersected the immersed foil in this shot was flat-topped, i.e.,
the reflected rclief had not yet overtaken the shock front. Tk« locus of
trace end-points, line AB, would be a straight line if the shock velocity
were constant and the wave were plane. However, due to the bowing
of the cell bottom when the flying plate chamber was evacuated, the {
center of the cell base was impacted by the {lyer before the edges and
a curved shock front propagatad into the water. The curved line from

A to B is the result of this nonplanar shock.

Notice that the traces along the line CD began to move toward

their original position. This trace motion indicates the propagation of 1
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a rarefaction wave through the water. It relieved the pressure rapidly
at first and then more slowly. The initial decrease in fluid particle
velocity corresponded to the arrival of the relief wave originating when
the left-facing shock in the flyer reflected from the rear of the flying

plate.

It was hoped that the trace records after jump wou!l yield more
information on the shock profile as a function of time. However, due to
the uncertainties caused by the curved shock and the indefinite motion
of the traces, the additional pulse shape information has not yet been
deduced from the data. Calculations based on this experimental

arrangement indicate that the cell bottom will spall.. The recording

times in the experiment were long enough to observe the spall signal

but it has not been identified.

Shot 11,253 involved the use of a water gage in which two reflect-
ing Myiar foils were mounted one above the other. The 1/8-inch flying
plate impacted a 1/8-inch annealed 2024 aluminum cell tettom at 0. 127
cm/ysec. The additional bottom thickness somewhat reduced the curva-
ture of the shock front. The record also indicates the motion of the re-
lief waves into the cell. The depth at which the relief overtook the

shock front was 0.313 inch in the water.

As discussed earlier, a measurement of the relief wave velocity
in the aluminum cell bottom can be made more precisely if the cell
bottom is thicker but not so thick that the relief wave BC overtakes the
shock front in the aluminum rather than in the water. Shot 11,762 was d
conducted in order to measure the initial relief wave velocity in 2024-
T351 aluminum. Figure 12 is the corresponding time-distance diagram.
The 1/8-inch flying plate acquired » velocity 0. 128 £ 0.02 cm/usec
and impacted the 0.507-inch-thick aluminum cell bottom. Calculations

based on the experimental results indicate a minimum initial relief 1
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wave velocity at 110 kbars in the aluminum of 0.77 cm/gsec. The actual
velocity must be greater than this because the sound speed in the region
COS, which is already somewhat relieved, is less than the initial re-

lief wave velocity in the fully stressed material.

A calculation was performed using the constant Poisson's ratio
elastoplastic theory to determine the sound speed in the region COS of
Fig. 12. It was assumed that the head of the relief disturbance moved
through a uniform region along OC where the stress was 35 kbars. The
resulting sound speea was 0.553 cm/usec. Employing this vaiue to cal-
culate the elastic sound speed along BC gave c,) = 0 81 cm/usec, which
is in excellent agreement with the (.80 cm/usec obtained by measuring

the free-surface velocity of aluminum samples as described later.
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SECTION IV

EXPERIMENTAL R¥SULTS

1. Aluminum (Low Velocity Flyer Plates)

Results of experiments in which both the flyer plates u«nd the tar-
get plates were as-received 2024-T351 aluminum are shown in Fig. 13,
where half the free-surface velocity is shown as a function of the thick-
ness of the target. The data are plotted in this way to facilitate compari-

son with calculated results. Target thicknesses are given in multiples
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FIG. 13 PEAK PARTICLE VELOCITY vs. SHOCK TRAVEL (x/x,) FOR 2024-T351
ALUMINUM IMPACTED AT 0.125 cm/usec

of the flyer plate thickness, x° , which for the experiments reported
here was 0. 125 inch. Two separate experiments gave particle veloc-

ities of 0.0615 cm/usec for x/xo =1, i.e., the free-surface velocity
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was 0. 123 cm/usec when the targets were 0. 125-inch thick. This
agrees well with the {lyer plate velozity, which ranged from 0.124 10
0.126 cm/usec.

Comparison of the experimental and calculated results shows
that the two agree fairly well as to the point at which attenuation begins,
approximately 5.5 plate thicknesses. Closer agreement can be obtained

by using a smaller increment in the calculations. For the results pre-

sented here, 20 increaments were used for each plate thickness (0.32 cm).

The curve for the computed results shows a flat portion at seven to nine
plate thicknesses. The experimental results show no tendency for the
curve to become flat. This continuous decrease of the particle veloc-
ity in the experimental results forces a revision of the stress-gtrain

rclations used in the computational model.

Results obtained previous to this project for 2024- T4 anncaied
aluminum are given in Fig. 14 along with the results shown in Fig. 13.
Results of Shot 10,227 agree well with the new data, while those of
Shot 10, 354 do not. It is probable that the flying plate velocity was
somewhat higher in Shot 10, 354 than in Shot 10, 227 and the plate veloc-

ity experiments. ’

However, the results at 2ight and nine plate thicknesses for
Shot 10,354 show that the decay rate of peak presasurs with distance was
almost zero, as was also observed in earlier e;rporimento,s Preference
in this situation is given to the new data which give nc evidence of a
plateau. The comparison indicates that aanealing 2024 alurminum makes
no measurable dilfeiqnce in the target thickness at which attenuation
commences. The difference in behavior at eight and nine piate thick-

nesses could possibly be due to the use of annealed aluminum in the
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earlier study o1 to the use of diffcrent tecaniques for msasuring the

freec-surface velocity.

Results of attenuation experiments using annealed 1060 aluminum

arc given in Fig. 15 for bo*h the current aud the 25 -li~v shots. 1f the

point {ar which x/xe = 1 and the particle velncity o §: C68Y is é:gnorcd.

the average particle velocity in the eheence of attenvation was about

0. 0635 cm/psec {using mly the new cGata). That is, the average shun

velocity was sbout 0. 127 cm/gses.  The volocity of the 1060 projectile

plate was about 0. 126 ¢ 0. 00} cm

Hence the higher particle veiocity

- compared with 2024 targets (Figs.

the {act that the 1060 flyer plates

fusec {or theve new oxXperiments.
{nr thin 1060 aluminum targets as
1) ard 14} ir at less? partly due to

acquired gredter veloc iiy than did

the 2024 flyer plates. Aftenuation s1a~ti &t sbout six plate thicknesses

 in 1069 aluminum.
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The results of the new stady of 1060 alurinum shows some indi-
cation of a tlat region at seven and eight plats ihxck?;esles similar to
the flat part bci the calculated curve. The same trend is evident in the
results of the earlier Shot 10, 353, whick had a a:gher flying plate
velocity than Shot 1G, 226.

The value of the stress relief provided by the elastic wave,
(o ~ﬁ§§ ir Section I, is sot obtnmble from the data {or either 1060 or
2024 aluminum is & reliable way. As :hoam m Secucm 1. the value of

{e -8(} i3 necessary for a deummnuen d t:he yield strength when the

elastopiastic equation of state . aszsumed. Figure 14 gives an indication

that the decrease in particie velocity may be aboui 0. 009 cm/isec, cor-

responding to a drop in peak shock strength of 25 kbars. The data for-
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the 1060 aluminum give a more definite indication of a plateau in the
ploi and hence a more reliabie value of the decrease in stress (oc-of).

The value appears to be 10 kbars.

Table III gives the complete results for all attenuation experi-
ments performed during the current program. The data for the low
velocity plate slap experiments on aluminum as well as the high velocity

experiments with Teflon and aluminum are presented.

2. 2024-T351 Aluminum (High Velecity Flyer Plates)

Tvic experimenis were performed with 2024-T351 aluminum in
the as-received condition for which the flyer plate velocity was about
0.32 cm/psez. This velocity corresponds 10 a pressure of about 345
kbars in aluminum. Results of the shots are given in Fig. 16 aiong
with the calculated curves usiag a fluid-type equation of state and the
constant Poisson's ratio elastoplastic modei. The average shim veloc-
ity in Shot 11, 824 for specimen thicknesses out to 4.1 plate thicknesses
is 0.324 cm/usec. The projectile velocity for the shot was 0.316
0.005 cm/usec. Hence the free-surface velocity appears to be slightly
greater than the velocity of the flyer plate. The calculations were
done using a velocity of 0.33 cm/usec. Shot 11,861 shows that the
particle velocity has been reduced below that predicted by the f{luid
model, but nut as much as predicted by the elastoplastic model. The
attenuation started between 4.1 and 5.2 plate thicknesses, implying a
sound speed of about 0 93 cm/usec behind the shock front. The data
iria/icate that the attenuation of stress is about 65 kbars, and there is (

no assurance that this is due entirely to the elastic wave.

3. Pressure Dependence of Shear Modulus and Yield Stress of
2024-T351 Aluminum

The speed of the head of the elastic relief wave car be determined

by locating the point at which it overtakes the sheock front, point M in
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FIG. 16 PEAK PARTICLE VELOCITY vs. SHOCK TRAVEL (x/x;) FOR 2024-T351
ALUMINUM IMPACTED AT 0.33 cm/psec

Fig. 2. ¥ This point corresponds to the target thickness at which the
peak particle velocity first begins to drop, as shown in Figs. 13 through
16. There are other methods for determining the relief wave velocity.
Al'tshuler et al.*® describe a "lateral-relaxation' method and an
""overtaking-relaxation' method, the latter being similar to the tech-
nique described above. Still another is based on the analysis of the
fluid gage records (Section IlI-3). Both the overtake and fluid gage
methods were used in the experiments in which the lower velocity blates
impacted 2024 aluminum targets. Fluid gages were not used with

higher velocity plates or with 1060 aluminum targets.

From the measured elastic wave speeds and associated free-
surface velocities, together with independent Hugoniot equation of state

measurements, values of the elastic shear modulus, G, can be derived
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as shown in Section II. These values and other quantities derived from

the experiments are listed in Table IV,

The elastoplastic moedel as currently formulated predicts =n initial
separation of the clastic and plastic relief waves with a relatively con-
stant region between ther:. This separaticn should show up as a step in
the decay curve as indicated by the theoretical curves of Figs. 13
through 16. The drop in particle velocity to the step is a measure of
the yield strength of the shocked state. The data, however do not
clearly show such a step except possibly for 1060 aluminum (Fig. 15),
and one shot {No. 10, 354) on annealed 2024-T351 aluminum (Fig. 14).
Consequently, values for the yield strength [ more exactly (7, - 0,)]

that are clearly reliable cannot be directly obtained.

It should be nqted, however, that within the context of the theoret-
ical model assumed, all parameters except the yield strength are deter-
mined directly from experiment (including G). Consequently, to the
extent that the model is correct an effective value for Y can be deduced
by trial and error by requiring agreement between the calculated and

the measured decay curves. ¢

Values of G and (Ye'l'Yf)' determined from the experiments are
shown as functions of the specific volume in Fig. 17. The zero stress
value of G, 0.287 Mbar, and the approximate value of Y, 0.0025
Mbar, are also shown in the figure. The possible errors in the data at
the high stress point are so large that no conclusive infsrences can be
drawn about functional relationships. However, several relationships
can be assumed that are consistent with the data; these permit calcu-
lations of shock decay to be made that can be usefully compared with

experimental attenuation data.

The functions chosen for an initial trial corparison of theory and

experiment are the curves labeled I in Fig. 17. The shear modulus
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Table IV

VALUES OF EXPERIMENTAL PARAMETERS
FOR 2024-T351 ALUMINUM

Flyer Plate
~ Velocity (cm/usec)

Parameters 0.125 0.33
Peak stress (Mbars) 0.110 0.345
Sound speed, c(cm/usec)# 0.80 + 0,02 0,93 + 0,05
Sound speed, c{cm/psec)?’ 0.81 -
G (Mbars) 0.54 £ 0,07 0.59 + 0.25
K (Mbars) 1.27 2.28
0. = of (Mbars) 0.02% 0.065
Ye + Yy (Mbars) 0.013 + 0,008 0.025 £ 0.0C8
Coordinate of point M, Fig. 2 5.5 4.5
Flyer plate thicknesses (cm) 0.32(nominal) 0.32(nominal)

* Aluminua free-surfaca velocity ves depth measurements,
t Immersed foil water gage meagurement,
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FIG. 17 SHEAR MODULUS, G, AND YIELD STRESS, Y, vs SPECIFIC VOLUME, V

i 8 specified by (Fig. 17a)
G=0.287+2.994 - 6.884"
where 4 =V /V - 1 and the yirld strength by (Fig. 17b)

Y = 0.0025 + 0.04074 - 0.0432"

(20)

(21)




The hydrostat is then given by
P=0.764p+ 1374 + 1.103° (21)

The curves labeled II and Il are modifications of the above cqua-
tions chosen in an attempt to improve the fit over that given by curves I.
These are primarily alternative functions for the yield strength, since
it is subject to the largest experimental uncertainty. A weak coupling
between the shear modulus and the yield strength exists for a given
hydrostat; this coupling is the source of the differences in curves I, II,

and lII of Fig. 17a.

Note that the functions for G exhibit a maximum value near
B =0.217(V =0.295 cc/g). The corresponding pressure is about 250
kbar. It would be of considerable interest to better determine experi-
mentally whether the shear modulus possesses such a maximum along
the Hugoniot curve, since this would indicate a trend toward true fluid

behavior.

4. Flow Calculations for 2024-T35] Aluminum

Results of flow calculations using the assumptions mentioned
above are given in Fig. 18 for the lower velocity impact case, and in
Fig. 19 for the higher velocity case. The a, b, and c portions of each
figure refer to the fits designated as I, II, and III of the preceding

section.

For lower impact velocities, fitl (Fig. 18a) shows reasonable
agreement but exhibits a stepwise decrease in particle velocity that is
not evident in the data. At higher velocities (Fig. 19a) this f{it com-
pares favorably at five plate thicknesses but falls off too quickly

therealter.

Fit 1l shows less of a step in the decay curve for lower velocity
impact, but falls off too slowly at the greater target thicknesses (Fig.

18b). The agreement for higher impact velocity is quite good (Fig. 19b).
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The effect of increasing the number of cells in the calculations

is shown by the curve iabeled '40' in Fig. 18b. In this calculation the
flyer plate was zoned to contain 40 celis rather than 20 as used in all
the other calculations. It may be noted that the elastic sound speed
(0.8 cm/usec, Table 1IV) was determined by using the axperimental
value of 5.5 plate thicknesses for the depth at which the rarefaction
overtakes the shock front. Zoning the flyer plats with only 20 cells
places the apparent point of overtaking at x."xo = 4.5; with 40 cells this
point moves to x}xo = 5.8, Presumably, convergence to the value 5.5

would occur with increasingly fine zoning.

The {it suown as curve Il in Fig. 17 clearly gives the least satis-

factory fit to the decay curves, as shown in Figs. 18c and 19c.

The results of these attempts to fit the decay curves indicate that
the elastoplastic theory as formulated is probably oversimplified. No
step in the decay curves can be clearly identified, a2t least for 2224-T1351
aluminum. This implies that there is no pronounced separation of the

elastic and plastic rarefaction waves.

The most likely explanation for this difference is that & Bauschinger
effect tends to spread the alastic rarefaction so that it merges with the
following plastic wave. Bauschinger eifects have been observed in plane

shock waves at much lower pressures. ' *

5. Teflon
The attenuation experiments on Teflon* were conducted using

thin (0. 0008.inch) aluminized Teflon shims to measure the initial {ree-

surface velocity. The sampies were arranged in the tame mannrer as

* Teflon manufactured by AVCO Corporation, Wiimm'gton. Mass.
Mean density, 2.195 g/cc.




the aluminim samples described in Section Il and were impacted by a
1/3-iach aluminum flying plate. The photographic record for Shot

11,864 is shown in Fig. 20.

The four Teflon samples were of difierent thicknesses, corres-
ponding to multiples of flyer plate thicknesses of 2.1, 4.1, 6.1, and
8.2. In Fig. 20, the line AA represents the time at which the shim
first moved. Line BB indicates the shim arrival at the cover glass
after having crossed a 0.48-cm gap. The third event at CC is inter-
preted as the arrival of the surface of the Teflon sample as was done
earlier {or aluminum (Fig. 9). The presence of the second arrival

indicates that the Tefion also had a tensile strength after being shocked.

The results of the {ree-surface velocity measurements appear in
Table IIl. The fiying plate velocity was 0.315 2 0. 010 cm/sec. A
graphical impedance sclation indicated that the peak ingdvced particle
velocity in the Tefiun was 0.198 £ 0.005 cm/usec. The corresponding

a 17
pressuzs w33y 240 kbars,

Note that t: thinnest sample was only two flyer plate thicknes.. .
ihe free-surface velocity measured at th's depth was 0.439 & 0. 004
cm/usec. This may or may not represent the peak stress in the Toilon,
{or there is no assurance that the shock front had not begun to attenu-
ate by Zxc . However, a time-distance diagram shows that the rare-
faction wave {rom the rear of the {iyer plate would have had ¢ have an
slmost infinite velocity in order to overtake the shock front by ié-xo
A more reasonable rarefaction wave velocity predicts the initial attenu-

ation to occur somewhat deeper than Zx° .

Considering free-surface velocity of the thinnest sampie to repre-
sent the amplitude of the unattenuated incident shock, it is scen at once
that the {ree-surface approcximation, i.e., up = iuf.. is a poor one in
this experiment. One half of w, is 0.22 cm/psec, whereas the induced

particle velocity was 0. 198 cm/psec
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A computer calculation was performed for a 1/8-inch aluminum
plate impacting Teflon at 0.32 cm/usec. The results of this calculation
are shown in Fig. 21. The constant Poisson's ratic equation of state
for aluminum was used with M = 0. 055 (see Section II}, The Teflon

Hugoniot was represented by
Py = 0.112u+ 0.4914° + 0.2484° , (22)

the data being obtained from Netherwood. L8

030 T T T T T T T T T
z Q
S 020 .
|
>
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FIG. 21 CALCULATED AND EXPERIMENTAL RESULTS FOR 0.31-ecm ALUMINUM PLATE
IMPACTING TEFLON (Experimental values are 1/2 u;, as measured in Shot 11,864)
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The sound speed in the Teflon was then obtained from

c = \/ dPH/dp (23)

where Py is the pressure along the Hugoniot.

The experimental points plotted in Fig. 21 are one-half the
measured free-surface velocities. These show strikingly good agree-
ment with the theoretical curve, but to some extent the agreement is
fortuitous because the free-surface approximation is inaccurate.
Nevertheless, no pronounced elastoplastic effects are evident and it
appears that the fluid model may be adequate. More information on the
complete P-V-E equation of state for Teilon would permit a2 more criti-

cal evaluation of the fluid model to be made.
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SECTION V

CONCLUSIONS

Shock wave attenuation data are presented for aluminum of types
2024-T351 and 1060, and for Teflon. The shock waves were produced
by impact of aluminum flyer plates accelerated explosively to velocities
of 0.125 ci/usec and 0.33 cm/psec. Corresponding peak pressures
in a’lun:)inum were 110 and 345 kbar, respectively. Free-surface
velocities were measured for varying target thickness by observing
with a streak camera the time of flight of a thin shim across a known
gap. This technique gave higher precision than techniques employed

previously.8,6:7

Reasonably accurate measurements of the elastic sound speeds
of the shocked states were obtained for 2024-T351 aluminum; these per-

mit valuce of the elastic shear modulus to be obtained.

Attempts to measure a complete particle-velocity profile by
means of a fluid gage were not successful. Serious complications in
the analysis of the experiments were introduced by changes of the re-
fractive index with pressure and by possible spallation near the speci-
men surface. However, sn independent measurement of the elastic
sound speed was obtained at a pressure ui 110 kbar in 2044-T351
aluminum that agrees very well with that deduced from free-surface

measurements,

The data generated on 2024-T351 aluminum during the report
period do not show a stepwise decrease in the free-surface velocity as
predicted by the elastoplastic model with a von Mises (or Coulomb)
yield criterion. Instead, the decay of pesk velocity is continuous, im.
plying that there is no distinct separation of elastic and plastic release

waves. Earlier experiments with Manganin wire gages and optical
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5,86

wedges showed similar behavior '’ 7 but the evidence was not regarded

as conclusive at that time.

The lack of separation of elastic and plastic relief waves is un-
fortunate since the stress relief due tc the elastic wave is a measure of
the yield strength under shock conditions, but it cannot be clearly
identified in the data. The most probable explanation is that a Bauschin-
ger effect tends to spread the elastic relief wave. This e{icct has been

observed at lower pressures.?d

The case for annealed 1060 alulainum is less clear., The data
appear to show a step region, but more data, {rom thicker targets, are

needed to establish its behavior.

An important result is that a significant difference is observed in
the behavior of 2024-T351 and 1060 aluminum. The 1060 is clearly
more {luid-like at high pressure. Thus a correlation is observed be-

tween the zero pressure and high pressure yield strengths.

The experimental resclts for Teflon agree reasonably well with
predictions assuming fluid behavior; no pronounced elastoplastic effects
are observed. The agreement shown is evidently partially fortuitous,
however, since an assumption invoked in the data reduction is not com-
pletely accurate.* More information on the complete P-V-E equation
of state for Teflon would permit a more definitive appraisal of the

accuracy of the fluid model.

# The computed shock particle velocities are compared with one-haif
the measured free-surface velocities. This procedure is valid
only where entropy can be neglected in the equation of state and
material rigidity can be neglected. For Teflon the results indicate
that this '"doubling approximation' is not accurate.
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DEFINITION OF SYMBOLS
IN APPENDIX 1

Index of refraction of unshocked liquid
Index of refraction of shocked liquid
Displacement of grid image in object space
Angle through which the foil is turned by shock
Angle between the shock front and the unturned foil
Distance of the grid from the glass cover on the fluid cell
Distance from the glass cover to the Mylar foil in the fluid cell
Particle velocity in the shocked fluid

"Apparent velocity' --the velocity of the point of intersection
of the shock and foil

Shock velocity in the fluid
Initial density of the fluid
Shocked density of the iluid

Displacement of grid line ag measured on the film reader
(jump in image space)

Shot reductisn factor = ratio of distance on the film reader to
distance at the shot

Effective standoff distance, nld +s
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APPENDIX ]

IMMERSED FOIL ANALYSIS

The cell containing the inclined aluminized Mylar foil is
mounted directly on the driving material in which a shock is induced,
The fluid is added to immerse the foii completely, Small holes in the
foil insure that the hydrostatic pressure is the same on both sides of
the foil; this is necessary because any bowing of the foil changes the
reflecting surface from plane to spherical, thvs invalidating the follow -
ing analysis. The light source and grid are arranged so that the streak
camera views the images of the grid sources in the immersed foil
(Fig. 22). The angle between the normal to the foil and the optic piane
is assumed in all that follows to be so near zero that it can be neglected.

SHOCK FRONT
REFLECTING FOIL
PLATE GLA
LATE GL ss-m’ FLUID Us
A nz
GRID LIGHT
SOURCES
po——— - 8 g
d o §
- ~_ fﬁr
0 I B I DRIVER
CAMERA ! ~}
r B fl.
) ’ '
’ '
] 1
[
{ [}
"
’ [y
¢
Ca-3388 &

FIG. 22 SCHEMATIC VIEW OF IMMERSED FOIL GAGE (The ongle between
the shock front and the feil is o, ond the foil is tumed through on angle f.
ny = the initial index of refraction ond n, is the shocked refroction index.)
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As the shock propagates into the liquid, i1 passes over the
foil and imparts to it a velocity in the direction of the shock velocity.
Because of the small thickness of the foil, the velocity of the foil
scon becomes equal to the particle velccity of the shocked liquid,
The effect of the moving, bent foil is to displace tne i.nages of the
grid sources. As shown in Fig. 22, the new images are displaced
toward the portion of the foil previously shocked. The displacement
of the grid image along ihe direction parallel to the slit is called the

jump, and is denoted as X .

Figure 11 is a streak camera record obtained with the use of
an immersed foil cell. The shock entered the gage and was first
detected at A . As the shock moved through the liquid, its intersection
with the foil was indicated by the successive terminations of the origi-
nal grid traces and the appearance of the displaced traces. This locus
of end points is along the line AB. The original and displaced positions
of Line 11 are denoted in the figure. This line displacementas recorded
by the carnera is proportional to the jump, X. Also note that the dis-
placed grid sources are nearer to the driver specimenthan the originals,
There is also an interval of time when both the original and displaced
images are photographed by the camere. This occurs becaus: the dis-
placed image can be observed in the turned foil prior to the arrival of
the shack at the originzl position,

Figure 23 is a2 schematic of the shock front, turned

Mylar f~i', and the flu.'4 cell cover. Tic ray trom the grid source is
refracted at the top of the cell, agsin at the shcck frant, and is then
reflected off the Mylar foil back through the shock to emerge paraliel
to the optic plane. The distance the emerging ray is displaced from
the original grid position i¢ the jump X {the camera is considered to
be effectively at infinity). Referring to the figure, it i» evide,u! that
the jump can be written a8 /

!

tan b+ -olun(.c-c)oun(a-a){ {24)

x:a‘unn-l !
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"_'rohungx nl.nz.a and £ .

Write Snell's Law or each refraction

sinf = n, sinb

nluine 'nzlinc ' (%)

4

ing = n. si
n)sina = n, sina
and, by consideration of the geometry, we can write:

6 = a-e

o
1

B-a+a (26)

a-B8-Db

(]
(]

We wish to obtain a relat‘unship bet- een the turning angle g,
the shock angie o, and the jump X . Note that when a displaced grid
image is first seen in the turned foil, the depth of the shocked fluid
be‘ween the foil and the shock is much less than the depth of unshocked
flu’d between the shock and the cell cover glass, so that the error
introduced by replacing 8, by s is small. It is also assurned that
the shocked index is 4 ¢ nstant in the region between the shock front
and the turned foil and tha;‘ a g Cas bs neglected. Then Eq. (24) becomes

X = dtan{ + gtan o . | {£7)

__,u&s’ Eqs. (25} and (26}

x..=n4.m.¢(}«a‘}. l* ”z-t;mx o 8)

: . *} o ,

ﬂ} -

v bta-arcsin --iin];a-a.ﬁ —arcsin(--—aina)%

Lx 2

43}9)

“Whe b e ﬂfbetmned in Eq. {28) thers ruaus ﬂu- duxm'l ex}ﬂ" ssion
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The shock moving through the fluid imparts a particle velocity,
up , to the fluid which is parallel to the shock velocity, Us . Since
the foil moves with the fluid, Fig. 24 can be constructed where 9, is
the apparent velocity, a is the angle between the shock and original
foil, and § is the angle through which the foil turns. From the geom-

etry of the figure we write

8in cos (g-F
p 0
and Us
sin@ = — (31)
9
Us
SHOCK _FRONT \e
o
Pl
~
//
B
/
P -~
QO -7
/‘-
WX QO\\'/ i
P
A
290
- -]
Us
(<]
%

GA-5386-218
FIG. 24 RELATIONSHIP BETWEEN SHOCK VELCCITY 0,.

FLUID PARTICLE VELOCITY u,, APPARENT
VELOCITY §,, SHOCK ANGLE o, AND TURNING ANGLE £
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The set of equations{28-31) gives the relavionships among the
parameters that describa thke interaction of the shock with the liquid
and the foil. The apparent velocity 9 and the jump X ars both
obtained from an analysis of the experimental {ilm reccrd, while the
grid positions and cell dimengions are measured during assembly. It
is then nossaible to determine either the particle velccity or the re-
fractive index, If a knowledgz of the refractive index is desired, then
the fluid particle velocity musat be inferred by an independent measure-
ment; likewise, when using the technique to determine particie velocity,

the refractive index muast be krown as a fun«tion of the shock siate
parameiers.

I Small Angle Approx‘ -ation

When an experitaent is perforiner. in which the angles of interest
in the foil analvsis are small, i.e., #in @ = tangent 6 = 6, the follow~
ing equations are applicable.

X = Gnld+s)6
. i) %2
o = Za[ .ﬁ-l' + 28 5 (32}

and

k2 ]
4]
(=]
e
[]

5' =]
o
—J

+
N:SL_:S
P

[ ]

+
e

v

“p = qoa (33)
8

P 34

G 3 (34)

Combining Zqs. (32), (33}, and (34)

r, n, qOX
up=U' l-;l;- +gm (35)
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It has been found,®’® that the dependence of refractive index

upon density is very nearly linear for some liquids.

From one-dimensional shock theory

u cH
= 1o e (7}
DE P2

¥ Using Eqs. (36) and (37), Eq. (35) becomes

up = QOX/ Z{nld +8){1 - i-;;-‘-)} (38)
1

Therefore in an experiment either u_ or k = dn/dp may be deter-

mined. When the dependence of n, on the shock parameters is not

known, then the Hugoniot must be known to determine L, Along the

Hugoniot, up = up(Ua). and Eq. {3%) may be solved for n, =n, (up,
95 X, etc.). The particie velocity must then be determined by an

independent means. In the shots where the flying vlate velocity was

measured, the particle velocity in the aluminm driver was known and
the particle velocity in the fluid wae found by iinpedance mismatching.
The refractive index could then be calculated fo." che initial unatten-
uvated shock. The aependence of the refractive iadex on density was

assumed to oe linear, so that the particle velccity could then be inferred

after the shock had begun to attenuate. In experiments where the shocks

were attenuating over the whoie region of measurement, the previously
determined refractive index function was employed.

-

ca Large Angle Analysis

When the angles associated with the foil cell are large, so (hat
the approximations of the previous section cannot be nuserd, the working
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equations are

-1/2
X =ndsinb (l - ni sin® 6) +atan$ {28)
2 oy
§ =a-arcsin{ —sin | 2a -2B-arcsin{ — sing (29)
n, n,
ug = q,sin8/cos (a -8) (30)
o = arcsin(Us/qo) (31)
Now define
1 N s i
2 = p{arcsin{ —sina + arcsin|] ——sin(a -98) (39)
i n2
So Eq. (30) becomes
= sin (o - 2)
up qO cos z (40)

With a knowledge of refractive index and Hugoniot equation of state
these equations can be solved to yield the particle velocity in terms
of the apparent velocity and the grid line jump.

The experiments which employed large foil angles were designed
s0 as to measure particle velocity over a substantial depth range in
water. The calibration of refractive index wa- done with smaller angle
foils and the results were applied to the large angle ¢xperiments. The
relation

nz = nl +k (pz - pl) (41)
was assumed to be sufficient. Using Eq. (37), Eq. (41) can be written

n, =n, +kpl(up/U. -up) (42)
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Water was the only fluid used and the equation of state was that of Rice
and Walsh *°

U, = 1.483 +25,306l0g (14 up/5. 190] (43)

where Us and up have units of mm/usec.

In order to obtain a solution to the set of equations above, a
computer program was developed. The program solved Eq. (28) by
an iterative process in order to find 6. Then by choosing a value for
ug it calculated in turn U‘. Ny, O, and z and compared the result
of Eq. (40) with the initially chosen particle velocity. This process
was repeated until the percent difference between the chosen and cal-

culated particle velocity was less than 0.1 percent.

3. Film Record Reduction

Two quantities of interest are obtained from the photographic
record: (1) the grid jump and (2} the velocity of the shock-foil inter-
section, i.e., the apparent velocity (see Fig. 11).

The jump is determined by measuring the distance on the film
that the line is displaced and dividing by the appropriate reduction
factor for the particular camera and film reading device used. The -
films on this project were read on a Telereadex instrument. The out-

put of this machine is in counts proportional to distances on the film.
It is then necessary to measure a known distance on the shot in order

to determine the shot reduction factor R' .

R = Counts on the Telereadex
s Dfstance in mm on the shot

The distance to the camera objective is greater for the grid images than

for the shot itself; consequently, the reduction factor for the grid

images, Rg' is somewhat smaller than R,. If L is the distance from
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the shot to the objective lens, and D the effective standoff distance for

the grid, then the ratio becomes

R

s _. L+D
R~ T
g

The magnitude of the jump as measured on the Telereadex is J.

Therefore the actual jump magnitude is X = J/Rg .

The apparent velocity is inferred by a measurement of the
slope of the line determined by the ends of the undisplaced traces
(see Fig. 11). In general, it depends on the coordinate Z, or the
distance from the apex. The angle between the vertical and the tangent
to the cutoff curve is Y. Then the apparent velocity is

- W

where W is the streak camera writing rate in counts/usec as measured
on the Telereadex.

When a film is analyzed, the positions of the undisplaced and dis-
placed traces are recorded. These sets of data are then checked by
first and second differences and smoothed by a computer program. The
program also differentiates the data using three points and five points.

It prints out the cot v so that the apparent velocity can b calculated and

the procedures for determining up as described above can be carried
out.




Appendix II

INDEX OF REFRACTION MEASUREMENTS
AND DISCUSSION OF RELEVANT DIELECTRIC THEORY

The principal goal of a theory of dielectrics is to relate macro-
scopic quantities such as electric polarization, electric fiefd, and
electric susceptibility to microscopic concepts and quentities. These
relations in general are functions of temperature, pressure, density,
and the frequency of the applied electric field. Much work has been
done developing both formal and physical theories for dielectric media.
The purpose of this appendix is to review the basic ideas and problems
involved in order to appreciate the significance of new data that have

been obtained for the refractive index of a shocked dielectric,

1, General Concepts

A quantitative discussion involves the so-called electric polariza-
tion 3. which {8 equal to the electric dipole moment per unit volume,
and its relation to the macroscopic electric field E. Provided that the

medium has nc permanent polarjization, that is that in the absence of an

external electric field the average polarization is zero, then the
polarization is a function of the applied field and can be expancded
as a power series in the field. Experimentally it is found that the
linear term in the expansion is adequate to describe physical systems
wherein the electric field is hot comparsble to interatomic fields,
wvhich are on the order of 109 volts/cm, If the further simplification
is made that the medium i{s isotropic so that the polarization is not
dependent on the direction of the electric field with respect to the
dielectric, we can write

P = XOE 44)
vhere the proportionality constant x! is called the electric suscépti-
bility, The first problem of the physical theory is to relate the
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macrogcopic quantity xe, or its equivalent the dielectric constant ¢, to
molecular quantities., Alternatively, since )(,e is defined by the above

relation, the theory must relate P end B to molecu.ar quantities,

The calculation of the local field is not simple; in fact, one of
the central problems is to relate the local field E’ to the macroscopic
field E. In only a few special cases cun a simple relation between these
two quantities be derived. Approximations to the local field will be dis-
cussed later,

In the case of 3, the problem is simple, Consider a molecule in
a nonpolar dielectric, i.e., a dielectric in which the molecules do not
have a permanent dipole moment, An electric field exists in the vicinity
of the molecuje due to an externally applied field. This local field is
denoted as B’ to keep it distinct from the external macroscopic field E.
The local field tends to polarize the molecule and the induced dipole
moment is ;, Let <E> be the mean value of the moment computed by the
methods of statistical mechanics sc that the desired polarizetion per

unit volume is just

P =N (45)
vhere N is the ngnber of molecules per unit volume.

Yhen we relate microscopic quantities, we still cling to a linear
relation between the local field and the extent to which the molecule
is polarized. The preportionality constsnt, o, 18 called the polariz-
sbility snd s s microscopic qusntity, The molecules msy have a perma-
nent dipole moment due to the moleculsr charge distribution, so that
the total moment 1s the sum of the permanent moment, n, sad the induced
moment, off ',

wd

., | J
p = 3#@!' . {43) .

It is convenient to consider o a8 the sus resulting from the contri-
butions of seversl sources of pularizetion in tha_-;teriil. The main
categories are labeled clcctronic‘pollrizattoh'd‘. and atomic polariza-

tion o , so that a = a + a,. A concise outline of the several sources 7 ‘
of polsrization is given by Bottcher:?? 1

" y




"The averuge (dipole) moment, caused by the unjform external field,
is the result of four different effects:
a. Rotation (orientation) effects.

al: The uniform (electric) field tends to direct the
permanent dipoles (dipole orientatjon).

a2: It also tends to direct an anisotropic particle
into such a position that its axis of highest
polarizability coincides with the direction of
the external field. This effect may he neglected
vhen the field is moderate.
b. Translation {deformation) effectse.

bl: The electrons are shifted relative to the posi-
tive charges (electronic polarization).

b2: Atoms or atom groups are displaced relative to
each other (atomic polarization).

The rotation effects are counteracteu by the thermal movement of
the molecules. Thus they are strongly dependent on the temperature,
wheress the translation effects are only slightly depsndent on the
temperature, since they are intrasolecular phenomena.

These classifications are convenieut becsuse the dielectric prop-
erties of a mediumare dependent upon the frequency of the applied
electric field. For static and low irequencies, all of these effects
contribute to the polarization. As the frequency is increased to, ssy,
the microwvave region for water, the dipole orieuntation term becomes
very important, At sbout 2 X 109 cycles/sec {A = 15 cm) » resonsnce
occurs which corresponds to the pcr-anhnt dipoles of the water flipping
back and forth in phase with the spplied fieid. The dipole contribu-
tion becomes less importsnt as cthe frequency is increased further. The
molecules require a charscteristic time to reorient themselves along
the spplied field, snd vhen the frequency of the applied field becones
too large it changes considersbly before the permsnent dlpolcs are
slloved to reach sn equilibrium distribution, Hence, st optical fre-
quencies the affect of the permanent dipole woment on the polarization
is negligible.
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Resonances slso occur for the atomic effect. Depending on the
materisl!, resonant absorption due to atomic oscillations occurs at
infrared or optical frequencies. B8imilarly, for the electronic com-
ponent, resonances appear in the visible and ultravjolet, Therefore,
the d.vision of the polarizability, o, into its components i3 usefu!
in understanding the basic physicsl phenomen» that determine the
dielectric properties within s particular frequency region.

2, Classical Microscopic Theory

A clessical treatment of the prcblem csn be given that exposes
some of the essential features, Consider the dispiaceable electrical
charges of the molecule (these charges masy be the electrons or the
atom groups) to bDe subject to s restoring force that is proportional
to their displacement

F‘ = -kiri i (47)

The electrostatic forces within the molecule provide the restoring forces.
Let gn electric field act on the charges, This field is externs]l to the
molecule but is identified with the local field in which the molecule
finds 1tself, E’. The equstion of motion for the itP particle of

charge ei is

a5

i - P :
!’ ‘d—tr * k‘t‘ - ‘ig | {48)

vhere eii' fe the external force on the 1'® particle. The natural fre-

quency of the bound charge {s w, = 45:7-‘ 80 that the equstion of moticn
is rewritten

2~ .
49
-‘ —-zw + I‘U r = @ i (49
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For an impressed field of frequency w,27 the solution is

-
!'1 = ;—(—-‘é———-'-é—) E 54}
A B
and the induced dipole moment is
- = — | " \
K"‘1 eiri 51
8o the polarizebility is
e2
o ) i
1 7 2 oy
mi(w1 -w) 52

Since the polarizebilities are sdditive, the total molecular poluriz-
ability is

= { \
o z-—?——-—z— 53

¥hen the frequency of the extermsl field approaches omne of the nrturai
frequencies of the system, u = Wy & damping tera must be included in
the equation of moticn. This tresatment indicates the importance of the

severs! o's in the vicinity of s resoamsnce,

This classical result cap 2180 be obtained with the added condition
of thermal sgitation.?® However, an exsct trestment must consider other
phenomens. The fcllowing discussion is by ¥, F. Brown, Jr.'?

“The theory of dielectrics would be simple 1f the molecules... had
vo elsctrical effect on each other snd 1f they were in s2atic
eoquilibrimm. In fact, however, the molecuies do not have gny of
these charscteristics. There are three characteristics of sctusl
mcleculsr systems thst complicate the problem: (1) they obey
quantium lsvs: (2) they interact electrostatically: snd ' 3) they
are subject to thermal agitation.

1f say single one of these factors is fptroduced, the theory be-
comes such wore complicsted. Iatroduction of quantum laws
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{1) alone lesds to the quentum-mechanical formula for polariz-
ability...; to evaluete the matrix elements.,.rigorously, it would
be necessary to solve the wave 'quation for each type of mulecule
under consideration, and this is @ formidable problem even for
only moderately complex mclecules., Introduction of electrostatic
interactions (2) slone leads to the problem of evelusting the

lncal field intensity E’ lor a fixed configuration of mclecules;
this problem hes been solved rigorousiy only fcis crystal lattices
of certain types, and except in the simplest case (a cubic crystal)
the calculation requires rather elaborate mathermatical techniques.
Introduction of thermal agitation (3) alone leads, however, to

8 comparatively simple problem, one that can be sclved by standard
techniques of statistical mechanics: for polsr molecules, the
solution of this problem gives us Debye's theory.

If any two of the complication factors sre introduced simultgneously,

the resulting problem ¢ "11d easilv fill a book, ''?3,%4,%¢

Even though the situation msy seem hopeless, wec will show that with
some Bimplifying assumptions sclutions can be obtained that predict
fairly well the observed phenomens.

3. The lecal Field

¥¢ have shown that the macr—scopic polarization [ is simply related
to the microscopic dipole moment p |see Bg. (45)]. The loca) field, E,
is going to be the resultent of several fields. First, the externally
sapplied field, E, contributes to the iocsl field., It slso polarizes
the medium so that there will be s contridution to the local field of
the refersnce molecule due to che polarization of its neighbors. I
the molecules have in addition s permanent dipole moment, the local
field is si{fected by dipole interactions with *he applied field and
«ith the dipole field of the reference molecule. We therefore write
the local fieid as the sum of thtcg various contributions,

B « £+ I [
The problem is to evsiluate the summstion using some ressonshle assump-

tions snd wodels. The mecroscopic relstion between P and £ {Ba. /44)]
is recast us, g the definition of the dielectric coanstant,
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; = er f g
a2 = (1 + 411xe) "54)
Therefore
- £ - 1 —o .
p - - E H =
in {55)

Equation (55) is valid for isotropic media with no permanent average

polarizetion {units are cgs).

4, Low Density Model

The simplest model for calculating the loceal field is to comsider
it equal to the external field, t.e., the presence of the polarized
neighbors has a negiigible effect on the applied field. This situstion
may be realized in a low density gas. Consider the molecules to have

no vermanent dipole moment. The induced dipele moment is therefore

- - -
<p> = «aE' = oF {56)
The polarization per unit volume is

-

= NoE (57)

Utilizing Eq. (55) the molecular polarizability is

8-1 s
T —— 58
« 4N (58)
The use of the relation
N p
(o)
= e— 59
N W (59)

where Ho is Avogadro's number, p is the mass density, and M is the molec~

ular welght, results in the expression

M
(4 ) o = (e - 1) (60)
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In order to give meaning to Eq. (60), the expelrimental values of (¢ - ' 7p
might be examined. If, for example, this quaétity is constant, one may
Justly infer that o is also a constent providéd the approximation

B’ = E is vaiid for the deneities involved. j
{

This model can be extended to polar molecules with the use of statistical

mechanics. We have for polar molecules

b

P = u+al’ | (46)

! .
The usual treatment is the following. ?irst'the contribution to the

polarization is computed as if u = o, which éives
e~1 = (4mN)w (58)

Second, the contribution dae to the permanent d;pole moment is calculated

assuming no induced dipole moment ard the result is

i
\
e-1 = (4mN)pZ/3kr | (61)
*hird, these two contributions are added to give
2)
- = ' 8
€~ 1 4N \ o + 2o (62)

This equation is called the Langevin-Debye eqhation. It predicts that
for polar gases the quantity {e - 1)/p should be linear in 1/T. This
is found to be a good approximation in many cases, Notable deviations

are observed for carbon dioxide,?®

5. High Density Model

A correction to the previcus model is due to Lorentz.?” 1In dense &
media, the lcocal field is no longer equal to the appli*h field because
the polarization of neighboring molecules contributes significantly to
the local field. Consider a sphere of radius "a" about the molecule.
The distance "a" is chosen to be small from a macroscopic point of view,

but large micrescopically. The contribution to the local field from
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molecules external to the sphere, El, can be calculated by using macro-
scopic methods. The contribution to E’ from molecules within the sphere,
B , is difficult to calculate, for there we are forced to use microscopic

methods.

The calculation of ﬁl is accompliished by considering the field at the
center of a hollow sphere of radius "a” imbedded in a dielectric of
uniform poelarization B. The resulting surface charge density én the
sphere surface due to the polarization is o = -B . 1 where 1 is = normal
to the surface., The contribution to the local field at the sphere center

from a small surface charge is

JE. = P cos §) cos Bds (63)
1 a2

where the direction of dE1 is parallel to B. Upon integration we find
that

4ty \
i.'l_-a—ﬁ (64,
The total local field becomes
r 4n
B ~i.'+315’+i.'2 (65)

The evaluation of 32 has been done for very symmetric situations (Lorentz
did it for cubic lattices) and found to be zero. When the molecules are
not fixed -in position, Ez is not generally zero; however, for this model,
the approxiﬂasion is that ﬁz = 0, Then for nonpolar dielectrics, the

local field becomes
E/ = E+IP (66)

Using Eq. (55) we find that the internal field is related to the external
field as

B - (_'-_*_2) 7 (67)




The sverage dipole moment is

P> = ok = a(';z)i.‘ (68)

7

- polarization/unit volume becomes
- ¢~ 1
B o= N<P> = (4,” )E (69)

The molecular polarizability is obtained by combining Eqs. (68) and (69).

The result is e
_ X _3_.)[.9_;_1
@ = p(4m% €+ 2 (70)

where N is defined as in Eq. (58). This equation is known as the
Clausius-Mosotti equation,

As described for the previous model, the contribution to @ from the

permanent dipole moment of the molecules can be included. The result is

]
Y
=
P
1+
+
(2
x
-3
st

(535 - 5 ()

6. Optical Frequency Considerations

In order to relate these results to optical frequencies, the Maxwell
relation ¢ = n2 is used. This equation is valid so long as the mugnetic
permeability of the dielectric is 1. This can be seen by considering
the definition of refractive index

n = c/v (72)
where v is the phase velocity of light waves with frequency f. The

speed of light in a nonconducting medium is c/qﬁT: where ' is the
magnetic permeability of the medium. Therefore
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nz
€ = 7
" (73)
2
Upon substitution of ¢ = n in the Clausius-Mosotti equation we
arrive at the Lorentz-Lorenz equation
n2 -1\ M 4nN,
o 3
n + 2

Since for mest dielectrics the contribution to o from the alignment of
permanent dipoles at optical frequencies is negligible, we are justified
to drop the p2/3kT term in Eq. {(71) and the Lorentz-lorenz equation can
be applied equally well to polar molecules.

A quick summary of the validity and limitations of Eq. (74) is given
by W, F. Brown,23

"The Lorentz local-field formula...has been derived only for
a lattice of dipoles with cubic symmetry. The dipoles must
all have the same constant vector moment. Actual materials
deviate from this model in one or more of the following
respects: the molecules are not located at points of a
lattice; the fields of the molecules are not simple dipole
fields; the moments are not all the same; or the moments
vary (in magnitude or direction or both) with time. Con-
sequently, the Lorentz formula and the dielectric-constant
formula that follows from it...must be regarded only as
first approximations."”

BSttcher?? kas made a correction to the Clausius-Mosotti equation

" oHo"

that involves the "molecular radius” “a' for nonpolar molecules. His

result is

(a -1y M 4nN . 9¢ 1 (7s)
e +2/ ¢ 3 (¢ +2) Eg,+1)-f§(20-2)}

Although this equation predicts the behavior of some gases better than
the Lorentz equation, some calculations by Orttung3® using experimental

data indicated that there was not a clear case for the corrected Bbttcher

result over the Lorentz formulation for liquid water,




The molecular refraction is defined as

2
- Mfn_-1 \
R = p( 2 ) (76)

n + 2

and is related tc the molecular polarizability, «, through the Ilorentz-
Lorenz equaiion (subject of course to the limitations of the Lorentz
equation). Since we are dealing with optical frequencies, the dominant
component in the polarizability 1s the electronic component. Excmination
of R as a function of density for a particular dizlectric may indicate
the extent to which o is affected by changes in molecular spacing. To
this end, Tﬁble V is reprinted from the Handbook of Physics.2?? A com-
parison of R is made for large changes in density for several materials,
Rk and RL represent the molecular refraction for the gas and liquid
phases, respectively. In the caze of water vapor, Rk = 3.74 cc/mole and
for water in the liquid phsase, Rz = 3.71 cc/mole. This corresponds to

a change in density of almost 100,000, It may be expected that an addi-
tional increase in density by a factor of less than two in a shock com-

pression will not affect greatly the constancy of the molecular refractioa. .

7. Present Experimental Results

Four experiments were performed (11,189; 11,190; 11,253; and 11,762)
in which an aluminum flying plate impacted the aluminum cell bottoms of
fluid gages. (See Section III for gage description.) The flying plate
velocity was monitored with the use o "pin" switches. On Shot 11,762

the free surface velocity of the aluminum driver was also measured using
the shim technique described in Section III., The pesk shock-induced
particle velocity in the water was determined graphically with the use
of the Rice and Walsh?® Hugoniot equation of state for the water.

Table VI lists the results of these experiments. The index of
refraction listed and the shocked state densities were dotermined from
the water gage records with the use of the computer program described in
Appendix I. The dynamic gage measurements were all completed before any
rarefaction waves had overtaken the shock front. The records themselves

L. .




Table V

MOLECULAR REFRACTIVITIES OF VARIOUS SUBSTANCES CALCULATED
FROM GASEOUS-- AND LIQUID-STATE DATA*

Substance M (ng -1, X 10* ny P Rg Ry
Hydrogen, Hz 2 1.32 1.10 0.0711 1.98] 1.85
Water, H,0 18 2.49 1.334 11.000| 3.74] 3.71
Ammonia, NH, 17 3.73 1.325 | 0.616] 5.60 | 5.54
Nitrogen, N, 28 2.96 1.205 j0.808] 4.34] 4.52
Oxygen, O, 32 2.711 1.221 |1.124] 4.06{ 4.04
Nitric oxjide, NO 30 2.97 1.330 |1.269]| 4.45] 4.83
Nitrous oxide, N,0 44 5.16 1.193 j0.870| 7.74| 6.24
Chlorine, Cl, 71 7.73 1.367 }1.33 |11.58 |11.92
Hydrochloric, HC1 36. 4.47 1.245 | 0.95 6.7 5.95
Bromine, Br; 160 11.32 1.659 |3.12 |17.00]15.30
Hydrobromic, HBr 81 5.73 1.352 |1.630 8.57]10.72
Sulfur:

Sy 64 11.11 1,929 | 2.04 |16.6 [14.9
HyS 34 6.23 1.384 | 0.91 9.35| 8.72
80, 64 6.90 1.410 |1.359]10.32 11,61
Cs, 76 14.7 1.628 | 1,264 22.0 |21.4
Cco, , 44 4.49 1,182 10,796 6.74 ]| 6,78
Methanol, CH,OH 32 5.49 1.331 [0.794] 8,24 | 8.23
Ethanol, CzHsOH 46 8.71 1.3623]0,800]13.0512.72
Acetaldehyde, CH,CHO 44 8.11 1.3316 | 0.800 ]| 12.16 | 11.40
Acetone, CH,COCH, 58 10.8 1.3580 10.791 | 16.20 | 16.05
Phosphorus, P, 62 12.12 2,144 |1.83 20 | 18.15

18.

* The data refer to the Xa D lines.

Source: Condon, E.H., and K. Odishaw, Handbook of Physics, McGraw-Hill,
Inc., New York, 19858.
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Table VIl

MOLECUIAR REFRACTION OF WATER:

s

State Molecular
r—l;;euure 're-penturef Density Refractive Refraction
(kbars) o {g/cc) Index (cc/mole)
" Data from Present Study
3hot number
11,762 36 175 1.414 1.493 3.70
11,253 3% 175 1.422 1.494 3.58
11,190 39 190 1.437 1.504 3.n
11,189 38 185 1.433 1.507 3.76
Atmospberic Pressure Data®
Water
Liquid 1 x 10 20 0.9982 1.333 3.112
Ice 1 x 102 -3 0.9164 1.3090% 3.777
Vapor 1 x 10 ) 8 x 107 1.000249 3.738
Data of Ahrens and luder-ns
Shot number _
10,640 , 48 240 1.488 1.474 3.45
10,383 . 88 295 1.518 1.482 3.39
10,6408 49 245 1.4907 1.5014 S.%
Dats of Zel'dovich, ot ll.l’
- » 190 » 1.43 1.47 3.a
- 110 635 1.67 1.83 3.33
-~ 144 880 | 1.78 1.5 3.33
¢ M« 18.015 g/nole
¢t Temperature from calculation of Rice and Walsh, Ref. 20.
2 Ordimary ray.
§ Deata reduction by presest authors.
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show that the initial relief waves do not pass over the immersed foil
until after the jumps of the grid traces have been recorded.

Table VII lists the moleculsr refraction of water as calculated
from the data obtained from the experiments mentioned and also data
obtsined from two otker sources.’:?® The average value of R for our

four experiments is

a.“ = 3,71 £ 0.03 cc/mole

at a density of 1.43 ¢+ 0.02 g/ce, which agrees very well with the value
of R computed for water at 20°C and one atmosphere.

t appears that the electronic component of the molecular polarizs-
bility for water is little affected by the compascting of the molecules
from s gaseous state to the densities reslized at 38 kbars in the shocked
liquid.

It is seen that there is some dissgreement between our data and that
of Ahrens and Ruderman’ and Zel'dovich et al.’® The disagreement between
our data and that of Ahrens may be dus to several possible sources:
different techmiques were used to determine thes shock-induced particle
velocity in the water; the present data were snalyxed using the Rice and
¥slsh equatior for water while the earlier data were reduced using a
Hugoaniot equation derived from the same experiment; raandom error,

Zel'dovich et sl. quote 8 mean quadratic error iz """ of 10.01,
Bowever, the state ia the shocked water was inferred by & messurezant
of shock velocity. Small errors io this messuremsat might accouat for
the differences betwesa their data asd ours.
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